Thanks to their ability to recognize biomolecular targets with high affinity and specificity, nucleic acid aptamers are increasingly investigated as diagnostic and therapeutic tools, particularly when their targets are cell-surface receptors. Here, we investigate the relationship between the folding of an anti-mouse transferrin receptor DNA aptamer and its interaction with the transferrin receptor both in vitro and in living cells. We identified and purified two aptamer conformers by means of chromatographic techniques. Fluorescence-anisotropy measurements showed that only one fold is able to bind mouse transferrin receptor. Besides displaying enhanced endocytosis in living mouse fibroblasts, the purified active fold is internalized also in human pancreatic cancer cells. Starting from these observations, we rationally designed variations of the parent sequence aimed at stabilizing the active fold, and consequently increase aptamer activity. A truncated version and full-length mutants with higher affinity than the parent sequence are shown.
Introduction
Nucleic acid aptamers are DNA or RNA oligonucleotides (typically single-stranded) that fold into well-defined threedimensional structures and are able to recognize and bind a specific target molecule with high affinity and specificity. 1, 2 Aptamers binding to cell-surface receptors are increasingly investigated in nanomedicine mostly as potential vectors for intracellular delivery. 3 DNA or RNA molecules have the ability to assume multiple folds via reversible pathways and the presence of these different conformations can sometimes be essential for the biological activity of the aptamer. 4 The presence of misfolded material can, however, significantly lower the net activity of the aptamer. Other nucleic-acid molecules show conformation-dependent activity. This is the case of hairpin ribozymes, whose catalytic activity is modulated by the presence of inactive conformers. 5, 6 Investigation on the presence and activity of such different folds can help unveil the actual action mechanism and provide cues for the design of aptamers with optimized therapeutic efficiency.
Transferrin receptor (TfR) is a transmembrane protein essential for the delivery of ferric iron to all cells. 7 TfR is ubiquitously expressed at low levels in normal cells and overexpressed (about 100-fold upregulation) in cells with a high proliferation rate, such as cancer cells, or in those requiring large amounts of iron. 8 TfR is also highly expressed on the endothelium of the blood-brain barrier, where it plays a crucial role in transcytosis of iron-loaded transferrin across the bloodbrain barrier. 9 As a consequence, TfR is an ideal marker in cancer diagnosis 10 and one of the most widely investigated tools for drug delivery across the blood-brain barrier.
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Transferrin (Tf) is the natural ligand of TfR and has been widely used as vector with promising results. 12 Unfortunately transferrin receptors are nearly saturated by endogenous Tf in physiological conditions. 13 Thus, exceedingly high concentrations of exogenous Tf derivatives are necessary to ensure adequate delivery of payloads to target tissues. A promising alternative is represented by aptamers since they can target different TfR sites, thus avoiding the saturation effect caused by endogenous Tf or even show higher affinity towards TfR than the natural ligand. 14 Recently, Chen et al. 15 developed natural DNA and RNA aptamers that selectively recognize and activate the extracellular domain of mouse transferrin receptor (mTfR), apparently with no competition with transferrin, and explored the suitability of a DNA aptamer (GS24) as vector for enzyme-replacement therapy.
Here, we show our results on the existence and activity of different GS24 conformers. We shall clarify aptamer structural properties and internalization process, and discuss the impact of GS24 folding on its interaction with the target both in vitro and in living cells. Furthermore, we report optimized GS24 sequences specifically designed to enhance the structural stability and consequently improve biological activity.
Results

Folding conformation analysis
In all our studies, anti-mTfR DNA aptamer GS24 was covalently conjugated to a fluorescent organic dye (ATTO 633). This small tag was chosen in order to minimize steric indrance and unwanted side-effects. Thanks to this tag we were able to accurately track the aptamer during endocytosis and perform reliable in vitro binding experiments.
It is known that both ends of GS24 can be modified without loss of binding affinity for the receptor. 15 , 16 We employed a 5′-aminohexyl modified analog of GS24, suitable for fluorescent labeling or further derivatization.
Preliminary HPLC weak anion-exchange analysis, performed in native conditions at 25 °C, identified the presence of two main structures (black line in Figure 1a ) at 20:80 molar ratio, as estimated from the chromatographic area of two peaks. Further chromatographic analyses were performed after thermal denaturation (unfolding) followed by a slow cooling to room temperature (refolding), in order to assess if the two peaks were distinct folding conformations. 4, 17 Indeed, if the native structures are different conformers, the same initial pattern must be observed after a denaturation/refolding process. Elution in denaturing conditions showed a total disappearance of native elution profile with a single structure detected at longer retention time (red line in Figure 1a ) in keeping with the increased number of charges exposed by unfolded oligonucleotide. 18 On the other hand, denatured aptamer showed a complete recovery of the native pattern after refolding in less than 12 hours at room temperature (blue line in Figure 1a) . Overall, these analyses indicate the presence of two interconvertible folds, hereafter referred to as A-1F and A-2F, with a relative free energy difference ΔG 2.1 of ~0.88 kcal/mol, as estimated from their 20:80 molar ratio.
A further chromatographic investigation was performed to evaluate the temperature dependence of the molar ratio between the two folds. Thus, five aptamer samples were heated and eluted using IE-HPLC at 25, 37, 40, 42, and 50 °C. Molar ratio between the conformers was strongly dependent on temperature, the most critical interval being 40-42 °C (gray and red lines of Figure 1b) , where A-2F extensively interconverted into A-1F. Notably, at 37, 40, and 42 °C the A-1F:A-2F molar ratio values were 31:69, 52:48, and 68:32, respectively (Figure 1b, inset) . The initial pattern virtually disappeared at 50 °C, due to oligonucleotide unfolding (blue line in Figure 1b) .
Finally, we examined the interconversion kinetics of each fold. The two conformers were purified by IE-HPLC, dissolved in a suitable buffer, and maintained at 25 °C under stirring. We monitored equilibration of the two species and quantified interconversion kinetics and relative stability by analysis of samples collected at different times. The kinetics of recovery of the 20:80 molar ratio was described by a single exponential (Figure 1c, left panel) . Conversion of A-2F into A-1F occurred with τ (2→1) = 5.33 hours, a sufficiently extended period to allow most biological studies to be performed without any appreciable conformational change. On the contrary, A-1F showed a significantly higher conversion rate (τ (1→2) = 1.33 hours) resulting markedly less stable than A-2F. The two different interconversion rates are consistent with the calculated value for ΔG 2.1 , i.e., τ (2→1) /τ (1→2) =exp(-ΔG 2.1 /RT) ( Figure  1c , right panel).
Molecular dynamic simulations
Two possible folds (α and β) were obtained using the secondary-structure prediction server Mfold. 19 On the basis of the predicted free energies (ΔG αβ = −1.53 kcal/mol at 25 °C, to be compared with our experimental estimate of 0.88 kcal/ mol), we assigned the more stable α-fold to the more populated A-2F. Following the procedure described in the Methods section, the secondary structures were converted into two 3D conformations. Molecular dynamics simulations were then employed to assess the structural properties of the two folds. For each fold, we analyzed a combined trajectory formed by ten 10-ns explicit-solvent molecular dynamics simulations performed using different initial velocities. A representative structure was obtained from each combined trajectory using cluster analysis (Figure 2) .
The stated correspondence of conformations α and β to A-2F and A-1F respectively is further confirmed by relating HPLC retention times to the electrostatic properties of the two conformations. In order to establish this relationship, we computed an "effective total charge" for each conformation (see Materials and Methods section) and related it to HPLC retention times. The calculated "effective total charge" for conformer α is −13.9 ± 0.4 e and is greater than that calculated for conformer β (−11.7 ± 1.3 e).
Fluorescence anisotropy assay
The presence of two interconvertible folds at or near physiological temperature can represent a limit to the use of this aptamer in vivo. Indeed, changes in the three-dimensional conformation of an aptamer frequently impact its actual biological activity. Thus, we performed a fluorescence anisotropy (FA) assay 20 with the two fluorescently labeled aptamer conformers, in order to determine the receptor-binding affinity of each fold. We performed all measurements at 25 °C consistently with the in vitro binding assay initially performed during the SELEX process leading to GS24 identification. 15 The FA of the aptamer was measured in the absence or presence of increasing amounts of recombinant murine TfR (mTfR). We initially performed measurements on the mixture of the two folds (20/80 molar ratio as indicated by HPLC analyses). The amount of added protein ranged from 0 to 2,500 nmol/l. As expected, FA increased in the presence of mTfR, due to protein-aptamer complex formation ( Figure  3a) . The observed behavior of FA as a function of protein concentration is compatible with a monophasic ligand-receptor binding. 21 We also measured the FA of the purified folds separately, at mTfR concentration of 600 nmol/l (Figure 3b) . During the course of FA assays, a partial re-equilibration of the two populations took place. Indeed the A-1F and A-2F samples contained 55:45 and 3:97 molar fractions, respectively, as measured by HPLC after anisotropy measurements (Supplementary Figure S1) . As shown in Figure 3b , A-2F measured anisotropy exceeded that found for GS24, which in turn was higher than that relative to the A-1F sample, corresponding to a fraction of bound aptamer (f B ) of 0.85, 0.69, and 0.46, respectively (see supplemental data for further details). These f B values are proportional to the measured population of A-2F in the three samples (i.e., 97%, 80%, and 45%). These results led us to conclude that A-2F is the only fold able to bind mTfR. In fact, binding of A-1F with a different Kd would result in a biphasic curve of the anisotropy. 21 The anisotropy of the A-2F sample in saturating conditions ([mTfR] = 1,300 nmol/l) is compatible with the measured anisotropy of GS24 (Figure 3a) and thus implies that the unbound fraction eventually equilibrates between the two folds during the course of FA measurements. Within this assumption, the Kd of the mixture and that of the purified A-2F should be related by Kd mix = (1 + L)Kd A-2F , L being the molar ratio between A-1F and A-2F (L = 0.25 from the HPLC assay). Fitting the FA data yields a dissociation constant for the mixture Kd mix = 0.25 ± 0.04 μmol/l (Figure 3a) , and a theoretical estimate for Kd A-2F ≈ 0.2 μmol/l. The FA results obtained from the A-2F sample yield an estimate of a lower Kd A-2F = 0.13 ± 0.03 μmol/l. This discrepancy probably stems from an incompletely equilibrated molar fraction during the titration of the GS24 mixture.
Next, we examined aptamer specificity. A control sequence (GS24mt) 16 which is known to be unable to recognize the transferrin receptor was incubated with 600 nmol/l of mTfR, and revealed a remarkably lower anisotropy change as compared with the GS24 value (Figure 3c) . Additionally, we further examined the aptamer selectivity towards different proteins. The addition of saturating amounts of bovine serum albumin (BSA) and transferrin (Tf) to GS24 sample did not affect aptamer anisotropy, and we observed no significant anisotropy change. Overall these results, together with the anisotropy variations recorded for unconjugated fluorophores with 600 nmol/l of mTfR, suggest that the anisotropy enhancement observed during FA is mainly dependent on aptamer structure (Figure 3c) .
Notably, a substantial anisotropy change was observed also with human TfR (600 nmol/l) (Figure 3c) suggesting that GS24 could be active also against the human receptor, possibly via its active form A-2F. This is supported by the greater change in FA shown by a sample enriched in A-2F, compared with GS24 (Supplementary Figure S2) . Moreover, addition of hTfR to GS24mt under identical conditions caused only a minor anisotropy change, in keeping with the specific binding of GS24 to the human protein (Figure 3c) . Thus, a second titration experiment was performed using increasing concentrations of hTfR against labeled GS24. By applying the same model described above the calculated Kd for human receptor was 1.0 ± 0.25 μmol/l, i.e., about fourfold higher than the measured Kd mix for mTfR (Figure 3d ).
Internalization assay in living cells
Internalization assays were performed in order to assess whether the different binding activities of the two folds observed in vitro lead to different aptamer activity in living cells. To this end, we first performed internalization assays Anisotropy change was measured for GS24 mutant (GS24mt) and unconjugated ATTO 633 (50 nmol/l) in presence of 600 nmol/l mTfR respectively. Next, GS24 aptamer selectivity was tested incubating the sample (50 nmol/l labeled GS24) with saturating amounts of BSA, Tf and hTfR. The anisotropy change of each sample was compared with the anisotropy measured in the presence of 600 nmol/l mTfR. GS24mt was also tested in presence of 600 nmol/l of hTfR (d) Fraction bound of aptamer (f B ) for mouse (black squares) and human (red squares) TfR was calculated from the corresponding anisotropy titration curves. The mixture of two folds (GS24) showed a different affinity for each protein. on mouse fibroblasts (NIH 3T3) using the purified folds. Each sample was incubated in cultured cells at a concentration of 1 μmol/l, and aptamer endocytosis was monitored by confocal fluorescence microscopy. BSA and calf thymus DNA were added to the medium during incubation in order to minimize nonspecific binding.
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Figure 4 shows that A-1F internalization (panel b) is not significantly different from that of a control constituted by the incubation with the labeled scrambled sequence, the GS24mt-ATTO 633 probe (panel a). This is not the case for A-2F (panel c). The incubation of this fold promotes intense vesicular fluorescence in the perinuclear region that partially colocalizes with lysosomes after 120 minutes (Supplementary Figure S3a ) and is still detectable in the cells at longer times (180 minutes, Supplementary Figure S3b) . Notably, A-2F promotes endocytosis even at lower concentration (200 nmol/l) (Supplementary Figure S3c) .
In order to verify that the observed internalization is an active, receptor-mediated process, we performed timelapse imaging at low temperature 24 after treatment with both aptamer and Tf-AF488; the latter was used as control to verify that endocytosis is inhibited by temperature. As expected from an energy-driven process, 25 no internalization was observed while cells were kept on ice; on the contrary, both A-2F and Tf were rapidly internalized following warming to 37 °C (Supplementary Figure S4) . Tf and aptamer showed remarkably different internalization kinetics. The natural ligand displayed greater efficiency in keeping with the higher affinity of transferrin (monoferric Tf Kd~200 nmol/l and diferric forms Kd~10 nmol/l) 14, 26 compared with that of the aptamer. This resulted in a substantial lack of colocalization between A-2F and Tf detected during the initial phase of endocytosis process, in agreement with previous GS24 observations. 15 Colocalization was observed at longer times (Supplementary Figure S4 ), however, and indicates that aptamer and the nonrecycled fraction of Tf share the same internalization pathway and final fate (i.e., lysosomes).
Furthermore, we performed another assay to establish if binding of the aptamer is followed by activation of the internalization process both in mTfR and in hTfR. We examined A-2F internalization efficiency in a human pancreatic carcinoma cell line (MIA PaCa-2), which is known to overexpress hTfR. 27, 28 In this case, a higher concentration of aptamer (3 μmol/l) was used, with the aim of balancing the lower binding efficiency of the oligonucleotide towards hTfR with respect to its murine counterpart. Upon incubation, fluorescence was observed mainly from the plasma membrane (Figure 5a) , while spotty vesicular signal from the cytoplasm was detected only at longer times (60 minutes), with a significant amount of aptamer still present on cell surface (Figure 5b) . Fluorescence completely disappeared from the plasma membrane only after 140 minutes; by this time, most of the signal was localized in the perinuclear region (Figure 5c ). Contrarily, virtually no intracellular fluorescence was observed when the scrambled control GS24mt was used (Supplementary Figure S5) , in keeping with endocytosis in mouse cells (see above) and previous observations. 16 Finally, we performed colocalization experiments with the monoclonal antibody anti-hTfR (mAb anti-CD71) in order to assess whether the internalization of A-2F in human cells is a receptor-mediated process. Cells were incubated with both A-2F and mAb anti-CD71; after 60 minutes, we observed extensive, although not complete, colocalization between the aptamer and the antibody in many vesicular compartments, as assessed by a Pearson's correlation coefficient of 0.63 (Supplementary Figure S6) . Overall, these results suggest that activation of endocytosis pathway by the active fold of GS24 aptamer occurs also in human cells, although with slower kinetics.
Rational engineering of GS24 aptamer
We first searched for the substructure responsible for the binding affinity of GS24, in order to select a minimized sequence with a well-defined secondary structure.
As stated above, a close inspection of the conformations of GS24 folds resulting from the secondary-structures predictions and our molecular dynamics simulations revealed a significant difference in the region including nucleotides 16-50. Notably, A-2F displays a folded domain comprising residues 26 to 50, which is completely absent in the A-1F conformation.
Importantly, Chen et al. selected both GS24 and an RNA aptamer (FB4) against the extracellular domain of mouse transferrin receptor. The latter showed the same properties of GS24. Thus, we examined and compared the secondary structures prediction of DNA and RNA aptamers. Notably, DNA and RNA aptamer GS24 and FB4, and their extended versions share a highly conserved stem-loop domain, approximately located in a central region, which contains a conserved nonamer (CGTTSTYTG; where S = G or C, Y = T or C. Note that in the RNA structure U replaces T; Supplementary Figure S7a) .
A comparison of these structures, together with MD analysis on the conformation of the two folds, suggested that the first portion at 5′-end of the aptamer sequences could play a relatively minor role, and highlighted the importance of the conserved stem-loop region formed by the nonamer sequence in order to preserve aptamer activity. Thus, using the conserved stem-loop region within the 26-50 sequence of A-2F as a guide, we designed a truncated version of GS24 comprised of 35 nucleotides, hereafter referred to as minimal GS24 (GS24min). A comparison between GS24 (A-2F) and GS24min secondary structure showed a remarkable structural homology and GS24min secondary structure still displayed the conserved stem-loop regions (Supplementary Figure S7b) .
In order to evaluate if GS24min internalization is as effective as for the original sequence, we generated it and tested its activity in living cells. The internalization assay performed on mouse fibroblasts (NIH 3T3) showed that the labeled GS24min is still active. It displays an endocytosis pattern similar to that of A-2F (Figure 6a ) and shows partial colocalization with lysosomal compartments (Supplementary Figure S8) . On the contrary, GS24min showed very weak vesicular signals when tested in human MIA PaCa-2 cells (Figure 6a ) possibly owing to specific internalization similar to that shown by the scrambled sequence (Supplementary Figure S5) .
Importantly, the GS24min activity observed with mouse cells was related to a unique conformer. Indeed, the chromatographic investigation of the labeled GS24min in native conditions is compatible with a single fold, contrarily to what shown by the aptamer extended sequence (Supplementary Figure S9a) .
Next, we performed a FA assay in order to calculate the in vitro affinity of GS24min towards the recombinant mouse receptor. Although GS24min was still able to bind TfR, the calculated Kd was 1.2 ± 0.39 μmol/l, nearly five times higher than the measured Kd of GS24 towards mTfR (Supplementary Figure S9b) .
These results clearly evidence that correct folding of sequence 26-50 is essential to maintain recognition capability towards TfR. We thus moved to a more conservative approach based on the stabilization of the desired fold (A-2F) by means of punctual mutations. We focused our attention to two base pairs: T29-T47 (which, in our simulations, showed a noncanonical base-pairing) (see Figure 2) , and A30-T46. These two base pairs were selected as the most critically involved in the stabilization of the folded domain comprising bases 26-50, simultaneously destabilizing the inactive conformer. Most importantly, mutations at these sites did not change the conserved nonamer sequence in the stem-loop region. Thus, we designed four mutants: T29A; T29G T47C; A30G T46C; T29G A30G T46C T47C; hereafter called DW1, DW2, DW3 and DW4, respectively. These mutants were chosen as candidates capable of stabilizing the active fold by either transforming a noncanonical pairing into a more stable Watson-Crick coupling, or strengthening an A-T base pair by mutation into a stronger G-C.
Interestingly, all mutants displayed an increased difference in the ΔΔG of the two conformers as predicted by MFold ( Table 1) . We then analyzed by HPLC the percentage of inactive fold for each structure, both at 25 and at 37 °C (Table  1) . Interestingly, the active fold percentage is higher in all mutants, compared with the parent structure GS24. In two cases (DW2 and 4), the percentage of the inactive fold was nearly identical to that attained immediately after HPLC purification of GS24 (3%). Insertion of a fluorophore at 5′ end of the sequences did not alter significantly the ratio between the two folds (data not shown). Next, we administered the labeled mutants to NIH-3T3 cells, in order to assess whether the mutations affected the recognition capability towards the mouse receptor in its native form. All sequences were able to promote internalization in mouse fibroblasts. Interestingly, we observed no significant difference in internalization kinetics or efficiency, compared with the active fold of the parent aptamer. Then, we assessed the in vitro binding affinity of all mutants towards mTfR by FA measurements. Firstly, we evaluated the anisotropy change at a single protein concentration (600 nmol/l) by using the same protocol adopted in the case of the purified folds ( Table 1 ). All mutations showed increased binding efficiency compared with GS24. We selected the most promising DW4 and determined its Kd towards mTfR (Supplementary Figure S10) . Our results yielded Kd = 0.19 ± 0.01 μmol/l, 25% lower than the value found with GS24 (0.25 ± 0.4 μmol/l). Notably, although this value is somewhat higher than the calculated value for pure A-2F (0.13 ± 0.03 μmol/l), one must consider that the present mutant outperforms the purified fold in terms of thermal stability and ease of manipulation.
Finally, we tested DW4 for further evaluation in human pancreatic tumor cells. Contrarily to what observed for the truncated form GS24min, our mutant sequence could efficiently promote internalization also in MIA PaCa-2 cells at the same concentration of A-2F. Interestingly, intense vesicular signal was already present immediately after incubation, suggesting faster endocytosis kinetics for DW4, compared with A-2F (Figure 6b) . This result is supported by the higher anisotropy change (11.8 ± 0.6 and 9.2 ± 0.4 respectively, Supplementary Figure S2 ) measured upon interaction with the hTfR under the same experimental conditions previously used (600 nmol/l).
Discussion
Transferrin receptor is a transmembrane protein highly overexpressed in a number of cancer-cell types and crucially present in the endothelium of the blood-brain barrier; hence, targeting molecular payloads to TfR may lead to useful strategies of interest in nanomedicine. 8 In this context, anti-TfR aptamers are promising candidates for diagnostic and therapeutic purposes, given their known high affinity and selectivity in target recognition. Unfortunately, aptamer activity is ∆∆G were calculated from the folding ∆G of α and β conformers as ∆∆G = ∆G α -∆G β . largely influenced by changes in its three dimensional structure. 4, 29 Thus, the precise knowledge and control of aptamer conformation is needed to optimize activity and selectivity (e.g., capability to discriminate between cancerous and healthy cells) both in living cells and in vivo.
In this work, we explored the relationship between the folding and the activity of GS24, a DNA aptamer recently selected to target mouse TfR. 15 In order to evaluate its physico-chemical properties, we covalently labeled the oligonucleotide with ATTO 633, a small fluorescent dye. Compared with the previously used biotin-streptavidin labeling approach, 15 the use of organic dyes has the advantage of a reduced interference on the three-dimensional structure, and hence on the biological activity of the aptamer. This strategy was chosen to allow an unbiased evaluation of the activity of GS24 conformers.
A chromatographic investigation was performed both in native and denaturing conditions and revealed an important structural feature, namely the presence of two distinct structures: A-1F and A-2F (Figure 1a) . Different interconversion times between A-1F and A-2F were measured at 25 °C (τ 1 → 2 = 1.33 hours and τ 2 → 1 = 5.33 hours for A-1F and A-2F, respectively). These interconversion rates indicate that A-2F is thermodynamically more stable than A-1F. Importantly, conversion of A-2F into A-1F occurs over a period of time sufficiently extended to allow most biological studies to be performed without any appreciable conformation change.
Fold molar ratio in the mixture is dependent on temperature, most critically around 40-42 °C, where the two folds become equally populated (Figure 1b) . Such temperature dependence is particularly relevant for biological purposes, since in vivo and living-cell studies are performed near 37 °C. Importantly, interconversion between two folds with different structure can lead to significant changes in aptamer biological activity.
Secondary-structure predictions yield two folds with relative stability comparable to the experimental ΔG (Figure 2) . Comparison between the net exposed charge calculated from MD simulations and HPLC retention times provides further evidence of our structural assignment (folds α = A-2F and fold β = A-1F).
The measured interconversion rate is sufficiently slow to allow accurate fluorescence anisotropy measurements in solutions where isolated A-1F and A-2F are incubated with purified mTfR. We were thus able to precisely quantify the binding efficiency of each fold for TfR (Figure 3b) . Figure  3a ,b present our FA assays and indicate that only A-2F does recognize mTfR, while A-1F is inactive. Not surprisingly, A-2F displays higher affinity for mouse TfR than GS24 since the latter is actually a mixture of the two folds (Figure 3a) . Coherently with the different binding affinities observed in vitro, A-1F and A-2F also show remarkably different internalization efficiency in living mouse fibroblast cells. Upon cell incubation with the two folds, A-2F signal is efficiently detected in endocytic vesicles, while internalization of A-1F is barely detectable (Figure 4) . We believe that the weak vesicular signal displayed upon treatment with A-1F (Figure  4b ) stems from the small fraction of A-1F converting to A-2F during incubation.
The significant anisotropy change observed in vitro when using hTfR (Figure 3c ) prompted us to further investigate binding affinity of GS24 towards hTfR. Accordingly, we performed FA measurements in which GS24 and its folds were incubated with human TfR (Supplementary Figure S2) . Our results indicate that GS24 via A-2F is indeed able to bind both hTfR and mTfR. The comparable, albeit lower, affinity of GS24 towards hTfR (Figure 3d) , whose homology with mTfR is about 77%, may indicate that the recognition site is located near the active site of the receptor, usually highly conserved portion. In previous works when a mixture of conformers (i.e., GS24) was employed, no binding to human TfR was observed. 15, 16 On the basis of these results, and given the lower affinity of the aptamer towards hTfR, we administered pure A-2F to human pancreatic tumor cells. We found that A-2F can indeed promote internalization through aptamer-mediated endocytosis also in human cells (Figure 5) . The significantly slower kinetics of internalization observed in this case suggests that the Kd in vivo be higher than the affinity measured in vitro by FA assay. Indeed, the high A-2F concentration incubated in the MIA PaCa-2 cells is not sufficient to balance the lower affinity towards hTfR, allowing a fast internalization also in human cells.
Notably, no recycling of the aptamer was observed either in mouse or human cell lines, contrary to what shown by transferrin in mouse fibroblasts. This suggests either aptamer separation from TfR in the endosomial compartment or enzymatic degradation at the later lysosomial stage.
Importantly, secondary and tertiary structure predictions suggest that the folded domain (sequence 26-50) of the active conformer A-2F have a major influence on the biological activity of GS24. This hypothesis is further supported by the fact that A-1F and A-2F share the same structure only at the 5′-end. The comparison of the sequences and secondary structures of the previously selected aptamers (full length and minimal DNA aptamer GS24, and RNA aptamer FB4) shows a conserved stem-loop region, within the 26-50 region, containing a conserved nonamer (Supplementary Figure S7a) . Based on these results, we generated engineered sequences according to two different approaches: truncation-leading to a minimal sequence-and punctual mutations performed on the basis of secondary-structures predictions and molecular modeling approaches.
The truncated version of GS24 reduced to 35 residues (GS24min) showed a high structural homology with the parent sequence. In particular, the conserved stem-loop was still present in its secondary structure (Supplementary Figure  S7b) . Thus, we tested this sequence in living cells and in vitro by FA assay. Interestingly, GS24min is still able to promote internalization in mouse fibroblasts with an endocytosis pattern similar to what shown by the extended sequence. No significant internalization was observed in human pancreatic cancer cells (Figure 6a) , however, suggesting that GS24min is not able to recognize and bind hTfR, contrary to what observed for the active fold of GS24 (A-2F). This behavior is consistent with the low in vitro affinity calculated by FA assay towards mTfR, i.e., the natural target of SELEX process (Supplementary Figure S9b) . Indeed, GS24min showed a Kd approximately five times higher than the measured Kd for GS24. This decrease in aptamer affinity following the minimization process is not particularly surprising and the same reduction was reported for a recently discovered anti-hTfR RNA aptamer. 14 Rational engineering afforded sequences with interesting properties. Indeed, molecular modeling led to the identification of two critical base pairs involved in the stability of the two folds. This observation coupled with the result obtained with the truncated sequence GS24min prompted us to target the stabilization of the folded domain comprising bases 26-50 in order to increase A-2F stability and minimize the occurrence of misfolded structures. Modification of bases in these critical sites yielded aptamers with very low (usually <10%) percentages of inactive fold ( Table 1 ). The engineered structures fully retained their capability to recognize mTfR in physiological conditions. Additionally, FA measurements highlighted the most promising mutant (DW4), which displayed a Kd towards mTfR (~190 nmol/l) superior to that of GS24 and comparable with freshly purified A-2F (Supplementary Figure S10) . Most importantly, DW4 displayed a higher anisotropy change upon interaction with hTfR (Supplementary Figure S2) and was able to promote efficient internalization in human cell lines (Figure 6b) .
The main conclusion of this work is that the biological activity of aptamer GS24 is affected by the presence of two different aptamer folds only one of which (A-2F) is able to recognize its target. This observation suggests that the main conformational difference between the two folds occurs in a region critically involved in binding to TfR. The results obtained with the engineering of GS24, and in particular those related to GS24min and DW4, confirm this hypothesis.
Most importantly, the two folds become nearly equimolar in the 40-42 °C interval. These data imply that the actual active form present when aptamer GS24 is administered in living cells or in vivo is markedly lower than expected from the nominal aptamer concentration. The presence of the two folds is easily rationalized by examining the SELEX strategy that led to GS24 selection. 15 Only in vitro binding assays at 25 °C were used to evaluate aptamer affinity for the receptor. This strategy only provides information regarding the average activity of a given mixture of conformers, but is intrinsically unable to report on the presence, and hence the activity, of different conformers sharing the same primary structure. Our identification of two folds with markedly different activity for aptamer GS24 highlights the need to perform during SELEX processes additional functional assays capable of assessing oligonucleotide suitability for the desired biological function.
Finally, our engineering of GS24 led to a novel sequence (DW4), which shows an enhanced activity compared to the parent molecule. Thermal dependence of molar ratio showed that with this sequence the inactive fold is less than 10% both at 25 °C and 37 °C. In perspective, this feature promotes DW4 as a valid tool for targeted drug delivery and in vivo applications.
Additionally, the analysis of the secondary and tertiary structures of DW4 and other mutants presented in this work, together with our experimental data on binding affinity provide useful hints on which aptamer domains are most involved in binding to mouse and human TfR. Thus, DW4 may represent a useful starting point for further optimization of the primary sequence for applications both in mouse and in humans.
Materials and methods
Materials. DNA aptamer GS24, its minimal version (GS24min) and mutants (DW1, DW2, DW3, DW4) and a scrambled aptamer sequence (GS24 mutant or GS24mt) were purchased from Integrated DNA Technologies (IDT, Coralville, IA) and HPLC purified.
All oligonucleotide sequences contained a 5′amino group attached by a C-6 alkyl chain. The sequence of full-length DNA aptamer (GS24) was the following: 5′-GCGTGTG-CACACGGTCACTTAGTATCGCTACGTTCTTTGGTTCC-GTTCGG-3′
The minimal sequence of GS24 aptamer (GS24min) was the following: 5′-CACTTAGTATCGCTACGTTCTTTGGTTCC GTTCGG-3′
The mutant sequences of GS24 were the following:
The scrambled sequence of DNA aptamer (GS24mt) was the following: 5′-GCCATTGCCATTGCCATTGCCATTGC-CATTGCCATTGCCATTGCCATTGCCATTG-3′.
Synthetic aptamer samples were dissolved in DNase free water and stored at −20 °C. Recombinant mouse and human transferrin receptor (TFRC/CD71) were purchased from Sino Biological (Beijing, China). Proteins were dissolved in 20 mmol/l Hepes-EDTA (pH 7.4). BSA and calf thymus DNA were purchased from Sigma Aldrich (St Louis, CA), Transferrin-Alexa Fluor 488 conjugate, monoclonal antibody anti-human CD71-FITC conjugate (clone T56/14), Lysotracker green and Hoechst dye were purchased from Invitrogen. All other reagents were purchased from Sigma Aldrich and used as received.
HPLC analyses. All HPLC analyses were performed on a Dionex Ultimate 3000 HPLC, equipped with automated analytical Autosampler with Fraction Collector WPS-3000FC, UltiMate 3000 Diode Array and Multiple-Wavelength Detectors, UltiMate 3000 Thermostated Column Compartment Series and controlled by Chromeleon Management Software.
Absorption and fluorescence measurements. Absorption data were recorded at 25 °C in a JASCO V550 spectrophotometer (JASCO Europe, Cremello, Italy) using 1 nm band-pass, 0.5 nm step-size and 0.25 second integration time. Appropriate quartz cuvettes (Hellma, Milan, Italy) displaying an absorption/excitation optical path of 1 cm were used in all experiments. Fluorescence intensity and anisotropy measurements were carried out with a Cary Eclipse fluorometer (Varian, Palo Alto, CA), using 1 nm step-size and 1.0 second integration time. Slits for both excitation and emission were set at 10 nm. A 100 μl quartz cuvette (Hellma, Milan, Italy) with an optical path of 1 cm was used in all experiments.
Cell culture. Mouse embryonic fibroblast cells (NIH-3T3) and human pancreatic carcinoma cells (MIA PaCA-2) were purchased from the American Type Culture Collection (ATCC, Manassas, VA). NIH-3T3 cells were grown in Dulbecco's modified Eagle Medium (DMEM) purchased from Invitrogen (Carlsbad,CA) with 10% calf serum (CS) and MIA PaCa-2 were grown in DMEM with 10% fetal bovine serum (FBS). Culture media were supplemented with 4 mmol/l L-Glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen). Cells were maintained at 37 °C in a humidified 5% CO 2 atmosphere. For live cell microscopy cells were plated onto glass-bottom petri dishes (WillCo-dish GWSt-3522) and imaged at 37 °C, 5% CO 2 .
Confocal imaging of cells. Cells were imaged using a Leica TCS SP5 SMD inverted confocal microscope (Leica Microsystems AG) interfaced with a diode laser (Picoquant) for excitation at 403 nm, with an Ar laser for excitation at 488 and with a HeNe laser for excitation at 633 nm. Glass bottom Petri dishes containing cells were mounted in a thermostated chamber at 37 °C (Leica Microsystems) and viewed with a 63 × 1.2 NA water immersion objective (Leica Microsystems). The pinhole aperture was set to 1.0 Airy. All data collected were analyzed by ImageJ software version 1.44o.
Chromatographic analyses. Analytical analysis of oligonucleotide samples and purification of labeled GS24 aptamer folds (labeled A-1F and A-2F) GS24min and DW1, DW2, DW3, DW4 aptamer mutants were performed with an IE-HPLC on a Clarity 10 μm Oligo-WAX, LC Column 100 × 4.6 mm (Phenomenex) at 2.2 ml/minute, using Tris HCl 20 mmol/l pH 8.0, ACN 10% (Eluent A), and NaCl 1.2 mol/l, Tris HCl 20 mmol/l pH 8.0, ACN 10% (Eluent B) as mobile phase. Chloride gradient was 0.36-1.2 mol/l NaCl during 15 minutes. Native conditions analysis was performed at 25 °C. Analyses in denaturing condition were performed at 80 °C. In this experiment aptamer samples were heated in a thermoblock at 95 °C for 5 minutes, and then analyzed by IE-HPLC. Absorbance was measured between 200 and 650 nm.
Aptamer labeling. The amino residue at 5′-end of oligonucleotide sequences (GS24, GS24mt, truncated and mutants GS24) was conjugated to the ATTO 633 NHS fluorophore by means of standard NHS coupling procedures between the primary amine of aptamer and NHS-derivative of the fluorophore. The labeling reaction was performed as follows: 10 nmoles of aptamer sample were dissolved in sodium bicarbonate buffer 0.15 mol/l at pH 9 and mixed with 20-fold molar excess (100 nmol, 75 μl in DMSO) of ATTO 633 NHS (ATTO-TEC GmbH, Germany), in a final volume of 200 μl. The reaction mixture was stirred overnight at 4 °C. Analytical evaluation of labeling reaction and purity of the labeled aptamer samples was performed at 25 °C using a RP-HPLC on a Clarity 5 μm Oligo-RP, LC Column 250 × 4.6 mm (Phenomenex) using Triethylammonium bicarbonate (TEAB) 50 mmol/l pH 9 (Eluent A) and acetonitrile (Eluent B) at 1.0 ml/minute. Purified labeled aptamer was freeze-dried, resuspended in DNase-free water and quantified by UV-VIS. Dye-to-aptamer ratio was evaluated from absorbance measured at 260 and 633 nm and was 1 within experimental error.
Purification of labeled folds. Purification of the labeled folds was performed as follows: the folds were separated by means of IE-HPLC, and collected. Each fold was then rapidly desalted on illustra NAP-25 Columns containing Sephadex G-25 DNA grade (GE Healthcare, Piscataway, NJ) equilibrated with DNase free water. The collected fractions were freeze-dried, resuspended in appropriate volume of DNase free water and stored at −20 °C. The whole process, from separation to freeze-drying, usually lasted less than 30 minutes. Finally, an aliquot of each sample was quantified by UV-VIS analysis and analyzed in IE-HPLC to check the purity of each fold.
Dye-to-aptamer fold ratio was evaluated from absorbance measured at 260 and 633 nm and was 1 within experimental error.
Fluorescence anisotropy assay. Excitation was set at 630 nm and emission at 650 nm. Slits for both excitation and emission were set at 10 nm. A 100 μl quartz cuvette (Hellma, Milan, Italy) was used in all experiments. The G factor, i.e., the ratio of I HV to I HH , where I HV and I HH are the observed intensities at horizontal or vertical orientations of the polarizers, was determined before the first experiment and this value was used throughout the experiments in which instrumental factors (emission wavelength and spectral bandpass) were kept constant.
During fluorescence-anisotropy measurements, a highly concentrated (~15 μmol/l) solution of mouse and human TfR was used for each titration to minimize dilution effects (final volume after titration was 1.15 times the initial volume). Equilibrium binding isotherms were constructed by titrating 50 nmol/l of aptamer-ATTO 633 probe (labeled GS24, GS24min, and DW4) with increasing concentration of TfR in PBSM buffer (PBS containing 1 mmol/l MgCl 2 ) at 25 °C. The anisotropy value was automatically calculated by the instrument. The integration time was set to 1.0 second for each anisotropy measurement, while the acquisition time for each protein concentration was 30 minutes for mouse TfR and 60 minutes for human protein. The average anisotropy-value used for data processing was calculated on at least 40 data points for each protein concentration. Equilibrium binding isotherms were evaluated also for the labeled GS24, A-1F, DW1, DW2, DW3, DW4 at [mTfR] = 600 nmol/l and for A-2F at 600 nmol/l and 1,300 nmol/l.
Data represent the average of two or more independent experiments. Error bars represent the SD from two or more independent experiments.
Fluorescence anisotropy data analysis. The aptamer fraction bound (f B ) is related to the measured anisotropy by:
where A, A F , and A B are the anisotropies of the sample, free aptamer, and aptamer saturated with protein, respectively.
The factor q takes into account fluorescence quantum yield changes upon binding 30 and is given by:
where I VV and I HV are the observed intensities at different orientations of the polarizers as described earlier. The value of q was 0.89 for GS24 and 0.82 both for minimal GS24 and DW4. Binding was assumed to be described by a 1:1 binding model: L + P → LP where L, P, and LP are free aptamer, TfR, and aptamer/TfR complex, respectively. The aptamer fraction bound (f B ) is given by:
where L T and P T are the total aptamer and TfR concentrations, respectively.
Frequently, the aptamer anisotropy in saturating condition (A B ) cannot be measured directly. In order to avoid the self-consistent evaluation of A B , 31 we preferred to fit directly the anisotropy A as a function of TfR concentration. This fit directly gave both K d and A B , and was performed using the following expression:
where f B is taken from Eq. 3. This procedure yielded both a better estimate of A B and its error. Using the experimentally determined values of A, A F , and q, the anisotropy data were fitted by nonlinear least squares regression to Eq. 4 with both K d and A B as parameters using Origin Pro 8S0 (One Roundhouse Plaza, Northampton, MA).
Secondary and tertiary structure generation. Secondary structure prediction was obtained using the webserver Mfold 19 with the default settings. Using these parameters, the two lowest free-energy structures were retained.
The Mfold generated secondary structures were used to obtain two coarse three-dimensional structures using the software RNA2D3D. 32 Simulated annealing. In order to refine the two folds obtained with RNA2D3D, we performed a simulated annealing scheme imposing Watson and Crick hydrogen bond constraints.
Simulated annealing were performed using AMBER software version 12. 33 The AMBER forcefield ff12SB was used. Each fold was solvated in a dodecahedral box of minimum 0.8 nm distance from the aptamer using TIP3P water model. Sodium and Chloride ions were added to reach an ionic strength of 150 mmol/l reproducing the experimental environment. The solvent was minimized using 1,000 steepestdescent steps keeping the nucleic acid structure restrained. Then the full system was minimized by 500 conjugate-gradient steps. The minimized structure was subjected to a simulated annealing procedure in the NVT ensemble. The temperature was first raised to 600 K and slowly decreased to 300 K in 50 ns. Temperature was kept constant using Langevin dynamics with the collision frequency parameter set to 2 ps −1 , The SHAKE algorithm was used to constraint bonds length, allowing to use a 2 fs integration time step. Van der Waals and Coulomb interactions were truncated at 0.8 nm. Long range electrostatic interactions where calculated using the Particle-mesh Ewald (PME) summations scheme. Distance restraints were applied on the Watson and Crick hydrogen bonds (using AMBER parameters nmropt = 1 and ipnlty = 1).
Molecular dynamics simulations.
The stability of two folds given as output from simulated annealing procedure was assessed by performing NPT molecular dynamics (MD) simulations without hydrogen bond distance restraints. The same parameters described for the simulated annealing were used here with the addition of the pressure coupling. Pressure was kept constant at 1.013 bar using a relaxation time of 1.0 ps. To improve conformational sampling, ten 10 ns simulations were carried out starting from different initial velocities. The ten trajectories were then combined into a single trajectory, which was used for all subsequent analysis.
Hierarchical cluster analysis was performed using the average linkage criteria. 34 The root mean squared deviation between the backbone atoms was used as distance metric.
Electrostatic properties. Effective net charge was obtained by computing the electrostatic potential of 100 conformations within each cluster solving the nonlinear PoissonBoltzmann equation using the UHBD software. 35 Each electrostatic potential was radially averaged and then averaged over the ensemble of 100 conformations. The DebyeHückel potential was fitted on the average monodimensional electrostatic potential leaving the total charge (z) as free parameter.
According to the Debye-Hückel theory of dilute electrolyte solutions, all ions in the solvent are treated as point charges while each macromolecule is treated as a sphere with diameter a (the radius of gyration was used) and net charge z. The electrostatic potential is given by: 
where e is the elementary charge, r is the distance form the center, ε 0 is the vacuum permittivity, ε r is the relative permittivity of the solvent and κ is the inverse of the Debye length and is proportional to the ionic strength.
Endocytosis assays in living cells. In a typical endocytosis assay in mouse fibroblasts, NIH-3T3 cells were seeded 24 hours before the experiment in WillCo dishes to reach 80-90% confluence. Standard conditions for incubation consisted in 25-minutes incubation at 37 °C, 5% CO 2 in DMEM containing 1% BSA, 0.2 mg/ml calf thymus DNA, 5 μg/ml of Hoechst dye and 1 μmol/l of aptamer-ATTO 633 probe (labeled A-1F, A-2F, GS24 mt, GS24min, DW1, DW2, DW3 and DW4) in a total volume of 500 μl. After incubation, cells were washed three times with PBS, fresh serumcontaining medium was added and the sample was imaged by confocal microscopy. All experiments were performed in triplicate.
Colocalization experiments in mouse fibroblasts were performed as follows:
NIH-3T3 cells were coincubated for 25 minutes at 37 °C with aptamer-ATTO 633 probe (A-2F and GS24min) and Lysotracker green to a final concentration of 1 μmol/l and 70 nmol/l, respectively. After a 20 minutes long incubation, the sample was washed three times with PBS, fresh serumcontaining medium was added and the sample was imaged by confocal microscopy.
In order to verify that aptamer endocytosis was an active, receptor-mediated process and to compare the internalization kinetics of A-2F-ATTO 633 probe and transferrin, NIH-3T3 cells were left 12 hours before the experiment in DMEM with 2% serum. Cells were then kept on ice for 15 minutes, and coincubated for 20 minutes on ice with 1 μmol/l of A-2F-ATTO 633 and 0.16 μmol/l of human transferrin-Alexa Fluor-488. After incubation, cells were washed with cold PBS and fresh serum-containing medium (10% serum) preheated at 37 °C was added. Real-time monitoring of endocytosis was performed by confocal microscopy.
In internalization assays in human pancreatic carcinoma cells, MIA-PaCa-2 cells were seeded 24 hours before experiment in WillCo dishes to reach 80-90% confluence. Six hours before each experiment the complete growth medium was replaced with a 2% serum-containing medium. At time of assay, cells were incubated for 20 minutes with a medium composed of DMEM containing 1% BSA, 5 μg/ml of Hoechst dye and 3 μmol/l of aptamer-ATTO 633 probe (A-2F, GS24mt, GS24min, and DW4) in a total volume of 500 μl. After incubation, cells were washed three times with PBS then fresh 10% serum-containing medium was added and the sample was imaged by confocal microscopy.
Colocalization experiments in human tumor cells were performed as follows:
MIA PaCa-2 cells, growth in WillCo dishes, were coincubated for 60 minutes at 37 °C with A-2F-ATTO 633 (3 μmol/l) and monoclonal antibody anti-CD71-FITC conjugate following manufacturer's protocol with minor modification (1:250 diluition, Invitrogen). At the end of incubation, the cells were washed with PBS, and then fixed with 4% paraformaldehyde and 4% sucrose in PBS for 20 minutes. Fixed cells were washed with PBS and the sample was imaged by confocal microscopy. All experiments were performed in triplicate. Pearson's coefficient was calculated by using the JaCoP ImageJ plugin. Figure S1 . HPLC analysis of aptamer folds after FA measurements. Figure S2 . Binding efficiency of aptamer samples towards human transferrin receptor. Figure S3 . A-2F internalization in mouse fibroblasts. Figure S4 . Time-lapse imaging of transferrin and A-2F endocytosis in mouse fibroblasts. Figure S5 . Endocytosis of GS24mt in human pancreatic cancer cells. Figure S6 . Colocalization assay between A-2F and mAb anti-CD71 in human pancreatic cancer cells. Figure S7 . Analysis of the secondary-structure predictions of DNA aptamer GS24, GS24min and RNA aptamer FB4. Figure S8 . Intracellular fate of GS24min in mouse fibroblasts. Figure S9 . HPLC analysis and fluorescence anisotropy assay of GS24min. Figure S10 . Fluorescence anisotropy assay of DW4.
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